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The rat anterior cingulate cortex (ACC) mediates effort-based decision making when the
task requires the physical effort of climbing a ramp. Normal rats will readily climb a
barrier leading to high reward whereas rats with ACC lesions will opt instead for an
easily obtained small reward. The present study explored whether the role of ACC in
cost-benefit decisions extends beyond climbing by testing its role in ramp climbing as well
as two novel cost-benefit decision tasks, one involving the physical effort of lifting weights
and the other the emotional cost of overcoming fear (i.e., “courage”). As expected, rats
with extensive ACC lesions tested on a ramp-climbing task were less likely to choose
a high-reward/high-effort arm than sham controls. However, during the first few trials,
lesioned rats were as likely as controls to initially turn into the high-reward arm (HRA) but
far less likely to actually climb the barrier, suggesting that the role of the ACC is not in
deciding which course of action to pursue, but rather in maintaining a course of action in
the face of countervailing forces. In the effort-reward decision task involving weight lifting,
some lesion animals behaved like controls while others avoided the HRA. However, the
results were not statistically significant and a follow-up study using incremental increasing
effort failed to show any difference between lesion and control groups. The results
suggest that the ACC is not needed for effort-reward decisions involving weight lifting
but may affect motor abilities. Finally, a courage task explored the willingness of rats to
overcome the fear of crossing an open, exposed arm to obtain a high reward. Both sham
and ACC-lesioned animals exhibited equal tendencies to enter the open arm. However,
whereas sham animals gradually improved on the task, ACC-lesioned rats did not. Taken
together, the results suggest that the role of the ACC in effort-reward decisions may be
limited to certain tasks.
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INTRODUCTION
The precise role of the anterior cingulate cortex (ACC) remains
unclear, but not for lack of ideas. The ACC has been implicated in
error detection (Holroyd and Coles, 2002), conflict monitoring
(Botvinick et al., 2001), self-directed action (Passingham et al.,
2010), representation of action values (Rushworth, 2008), the
subjective experience of pain (Shackman et al., 2011), and both
recent and remote memory (Euston et al., 2012). The ACC has
also been implicated in guiding effort-reward decision making.
The primary impetus for this view comes from a series of studies
that show that rats with ACC lesions are less willing to climb a
wire mesh barrier to reach a high reward, opting instead to pur-
sue a smaller but easier to reach reward (Walton et al., 2002, 2003;
Rudebeck et al., 2006). These and other rodent studies have been
followed by fMRI studies in humans, which have shown that the
dorsal ACC encodes the value of an offered reward discounted
by the effort needed to achieve it (Croxson et al., 2009; Prevost
et al., 2010). Other studies suggest that ACC simply encodes the
amount of actual or anticipated effort (Botvinick et al., 2009;
Kurniawan et al., 2013). Single-cell recordings in monkeys also
show that the dorsal ACC encodes both reward and anticipated
effort (Kennerley et al., 2009) although recent finding suggest this
may be specific to certain training conditions (Hosokawa et al.,
2013). Combined with other studies, the results suggest that the
ACC is part of a network of regions, including the amygdala, ven-
tral striatum, and midbrain dopaminergic circuits, which play a
crucial role in “weighing up the benefits of work” (Walton et al.,
2006; Floresco et al., 2008).
Based on the preceding studies, one might suppose that the
ACC would be necessary for all forms of cost-benefit decisions
but, in fact, the evidence suggests its role is limited to only
certain forms of cost. The original finding was obtained using
a T-shaped maze, developed earlier by Salamone et al. (1994),
in which a wire-mesh barrier is placed in the arm leading to
high reward, while no barrier is present in the low-reward arm
(LRA). The finding that rats with ACC damage or inactivation
will forgo the high-effort/high-reward arm (HRA) has been repli-
cated many times with only one contrary finding in a recent study
with mice (Walton et al., 2003; Schweimer and Hauber, 2005;
Rudebeck et al., 2006; Floresco and Ghods-Sharifi, 2007; Hauber
and Sommer, 2009; Solinsky and Kirby, 2013). In this task, the
activity of single ACC cells appears to be selective for the econom-
ically advantageous arm, further supporting the role of the ACC
in tasks involving climbing barriers (Hillman and Bilkey, 2010).
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A recent electrophysiological study also suggests that the ACC
is involved in reward-related decisions where the cost involves
social competition (Hillman and Bilkey, 2012). On the other
hand, attempts to demonstrate a role for the ACC in effortful
tasks involving multiple lever presses (i.e., an instrumental ratio
schedule) have yielded mixed results. In one case, rats with ACC
lesions were less likely to choose a lever requiring a high response
ratio and instead opted for a low-response ratio lever yielding
low reward (Walton et al., 2009). However, in another study in
which the lever-press ratio was gradually increased, rats with ACC
lesions showed the same break point as normal rats (Schweimer
and Hauber, 2005). When effort involves delaying a response to
receive a reward, as in studies of intertemporal choice or delay
discounting, the ACC is not required, but other areas such as the
nucleus accumbens and orbitofrontal cortex are (Cardinal et al.,
2001; Rudebeck et al., 2006). In sum, the ACC is not needed when
effort involves waiting, and even when the discussion is limited to
physical effort, there is some question as to the generality of ACC’s
role.
One area of cost-benefit decision making that has not received
as much attention involves the pursuit of goals associated with
fear or anxiety. In this case, the subject has to exert mental effort
to overcome fear, a form of effort which we operationally defined
here as “courage.” In a recent study with monkeys, subjects had to
choose between a high reward associated with an aversive airpuff
and a low reward without airpuff (Amemori and Graybiel, 2012).
The dorsal ACC had separate groups of cells encoding either the
positive or negative subjective value of each choice. Further, in
one region with an abundance of cells encoding negative val-
ues, microstimulation caused subjects to avoid punishment. In
humans, Nili et al. (2010) have shown that the fMRI BOLD sig-
nal in sub-genual ACC is stronger when subjects decide to bring
a feared snake closer to their body as opposed to pushing it fur-
ther away. This area is anatomically distinct from the dorsal ACC
loci identified in other effort-reward tasks, raising the interesting
possibility that different divisions of ACC are recruited for effort
and courage tasks. In rodents, the role of ACC in courage-reward
decisions has not previously been studied. However, it is known
that lesions to adjacent medial prefrontal cortex have, in general,
an anxiolytic effect in tests of unconditioned fear (Lacroix et al.,
2000; Deacon et al., 2003; Shah and Treit, 2003). Lesions lim-
ited to ACC, however, apparently do not affect anxiety (Rudebeck
et al., 2007). Hence, when faced with a situation requiring courage
to reach a high reward, rats with ACC lesions might be expected
to behave in one of two ways. If the ACC supports the deploy-
ment of courage as suggested by Nili et al. (2010), then one might
suppose that rats with an ACC lesion would be less willing to dis-
play courage to achieve higher reward. If, on the other hand, ACC
lesions have an anxiolytic effect, then animalsmight bemore likely
to approach a fearful situation after ACC lesions.
In the present experiment, we sought to test the specificity
of ACC for different types of cost-benefit decisions. To ensure
that our results were comparable to the previous literature, we
replicated the ramp-climbing experiments of Walton et al. (2002)
and others using similar ACC lesions. We also tested the role of
the ACC in two novel cost-benefit tasks, one involving another
form of physical effort and the other involving courage. In the
physical effort task, rats were presented with a choice of two oper-
ant levers that required different amounts of force to depress to
receive reward. The high-force lever yielded larger reward than
the low-force lever. As this task was directly analogous to the
ramp-climbing studies, we expected that rats with ACC lesions
would forgo the high-effort/high-reward lever and opt instead for
the low-effort/low-reward lever. For the courage task, rats were
tested in a Y-shaped maze with a choice between a HRA that
required traversal of an exposed wire mesh trellis and a LRA that
was enclosed with high walls. If the role of ACC in cost-benefit
decisions were to generalize to courage effort, then rats with ACC
lesion should be less likely to enter the high-reward, high-courage
arm. However, as discussed above, there were reasons to suspect
that lesions might make animals less fearful, meaning that they
would be more likely to enter the HRA.
MATERIALS AND METHODS
EXPERIMENTAL OVERVIEW
As illustrated in Figure 1, three separate experiments were con-
ducted, each performed on a separate group of rats and consisting
of a different series of tests. Each test involved a choice between
some form of cost associated with a high amount of food reward
or minimal cost associated with low reward. Three basic types
of cost were used: ramp climbing, weighted lever pressing, and
courage. Note that rats were pre-trained in ramp and/or lever
tasks for several weeks before surgery (not shown in the figure).
Importantly, in each test, rats had to achieve specific behavior
criterion during pre-training to be included in analysis. Because
some rats achieved criterion on some tasks but not others, the
number of rats in each analysis is different.
In Experiment 1, rats were trained on both the ramp
and weight-lifting tasks simultaneously (ramp in the morning,
weighted levers in the afternoon) before surgery and tested in a
similar manner after surgery. Testing in both ramp and lever tasks
involved 2–3 days of choices between high effort/high reward
vs. low effort/low reward followed by 1 day in which rewards
remained fixed but effort was high on both arms (the “equate
effort” test). Rats were then tested in an incremental version of
the ramp task in which the ramp height was increased every 10
trials within a session to generate an effort discounting curve.
Next, a parallel incremental task was run in the lever apparatus.
Following this, rats were trained and then tested in the courage
task. Continuing with this series of tests, rats were run in a “ramp
challenge” task in which the rat was re-trained on the high/low
arm choice without any ramps and then tested the following day
with an extremely high ramp (50.8 cm). This task was meant
to test whether ACC lesions lead to specific impairment in the
adjustment to sudden changes in task conditions. A similar chal-
lenge test was then conducted with weighted levers. In the final
test of Experiment 1, rats were observed in the open field test (not
shown in Figure 1).
The results of Experiment 1 suggested that the weights used
in the lever task were not sufficiently heavy to deter any rats
from the HRA. Similarly, results from the courage task sug-
gested that entering the exposed arm was not that fear-provoking.
Consequently, in Experiment 2 a new group of lesion and con-
trol rats was tested on the weight-lift task again but using a much
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FIGURE 1 | Overview of experimental timelines. Note that all
experiments started with 24–26 animals but some animals were excluded
due to surgical complications or misplaced lesions. Numbers shown were
the totals after all such exclusions. Individual tests also had performance
criteria which reduced numbers further in some cases. Please see
Methods for further explanation.
heavier weight (40% of their body weight compared with 25% in
Experiment 1). Following this, the courage task was run a sec-
ond time using a higher amount of ambient illumination, hence
increasing the sense of exposure on the open arm. As in the
first experiment, rats were then tested in the open field test (not
shown).
In the weight-lift test in Experiment 2, many rats could not
reach our criterion of 80% HRA choices before surgery. Hence,
Experiment 3 was conducted to re-examine whether the ACC is,
in fact, necessary for effort-reward decisions involving weighted
levers. In this test, pre-surgical training exposed the rats to
unweighted levers yielding low and high reward but purposely
excluded experience lifting weights. Hence, this test examined the
response to de novo effort, offering what we felt were the most
likely conditions to expose a difference between lesion and control
animals.
ANIMALS
A total of 74 male Long–Evans rats (Charles River Laboratories
International Inc., Montreal, QC) were used in three experiments
in this study. Rats were 3 months of age at the start of training
and maintained at 85% of their free-feeding weight (350–450 g)
for the duration of training and testing. For at least 1 day before
and 5 days after surgery, rats were allowed ad libitum food. In
Experiment 1 started with 24 animals of which three died from
peri-surgery complications, two sham animals were excluded
from data analysis because of accidental brain damage to the
region of interest, and one animal did not complete open field
testing due to unrelated health problems. In Experiment 2, a total
of 26 animals were used but three animals died from peri-surgery
complications, two animals were removed from the study due
to health problems and one sham animal was excluded from all
analyses because of accidental brain damage. In Experiment 3,
a total of 24 animals were used and no animals were excluded.
Rats were maintained on a 12-h light-dark cycle and tested dur-
ing the dark phase. All procedures were in accordance with the
University of Lethbridge institutional animal care and use com-
mittee and Canadian Council on Animal Care recommendations
and guidelines.
APPARATUS AND TASK PROCEDURES
Food delivery
Animals received a high-calorie, chocolate-flavored liquid as
reward (Ensure®, Abbott Laboratories, Brockville, ON) on all
tasks. Food delivery was gravity driven though a silicone tube
(91 cm long; inner diameter 1.98mm, outer diameter 3.18mm,
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wall thickness 0.61mm; VWR International, Mississauga, ON)
and controlled by pinch valves (Model SCH284B004-12/DC,
ASCO Scientific, Florham Park, NJ). For each experiment, three
60mL syringes served as food reservoirs and were hung 51 cm
from the top of the track. Food was delivered into a 24 cm diam-
eter conical food well via a hole in the floorboard, keeping the
delivery tube inaccessible to the animal.
Automated experiment control
Control of all experimental events and data logging was sup-
ported by a standard computer running Microsoft Windows
using a programmable digital input/output board (National
Instruments PCIe-7841R, Toronto, ON) and custom software
written in Microsoft Visual Basic and/or Labview (National
Instruments, Toronto, ON).
Ramp-climbing
An automated Figure 8 shaped maze was used for this task, an
adaptation of the standard T-shaped ramp maze most often used
in the literature (Salamone et al., 1994; Walton et al., 2002) to
form a continuous maze (Figure 2A). The maze, made of wood
and painted gray, measured 102 cm long by 114 cm wide and
was elevated 60 cm from the floor. The running surface itself was
15 cm wide and was enclosed on both sides by black plastic walls,
36 cm in height. Feeders were located on the stem of the T and at
the end of each choice arm. Both choice arm feeders were located
on a 6 cm by 15 cm platform attached to a carriage which slid on
a guide rail and could be raised from 0 to 51 cm above the surface
of the maze. The platform had wire mesh down one side, present-
ing a vertical wall that the rat could climb to reach the reward
(Figure 2B). Wire mesh was made of 1.6mm thick galvanized
steel wire with a 1.25 cm square spacing. Ramp height was varied
via a rack and pinion gear system using stepper motors (Model
23Y9, Anaheim Automation, Anaheim, CA) driven by a stepper
motor controller (Model G251X, Gecko Drive, Tustin, CA). The
platform was connected to the return arm via a sloped wire-mesh
ramp whose angle varied with the height of the platform. Finally,
automated gates were used to control the rat’s running direction,
two located at the entry to the stem of the T and two at the exit
(Figure 2A).
The task was conducted in a dimly lit room illuminated by
12 small white LEDs located around the ceiling-mounted cam-
era. Animals wore a flexible belt made of Coban (3M, St. Paul,
MN) to which red reflective tape was affixed for video track-
ing. Video tracking was provided via a standard video camera by
Cheetah neurophysiology data acquisition software (Neuralynx,
Bozeman, MT) running on a separate computer. The rat’s posi-
tion was communicated to the control computer in real-time, so
that predefined spatial zones could trigger responses based on the
animal’s location on the track.
Rats were always started on the stem of the original T-figure,
where two automated gates prevented them from entering the
return arms. After receiving reward from the feeder on the stem
of the T, referred to as the “base feeder,” the rat made a choice to
enter one of the two reward arms of the T. After one reward arm
was chosen (i.e., rats approach within roughly 15 cm of the reward
site), an automated gate on the opposite choice arm would raise,
FIGURE 2 | Pictures of the three mazes used in these experiments. (A)
The ramp maze shown from the top with all gates in the up position.
Reward platforms are in upper left and right and small circles are feeder
wells. Both ramps are at their lowest position. (B) Close up of the left ramp
in an elevated position showing the vertical ramp that rats climbed to reach
reward and sloped return ramp. (C) Top view of the weighted lever
apparatus showing a rat coming from the base arm and deciding which
lever arm to choose. The dark bar is the lever and the small circle near the
lever end is the feeder well. (D) A rat on the exposed arm of the courage
maze. Reward well is located at the far right, just beyond the field of view.
The enclosed safe arm is also visible.
blocking the rat from choosing the other arm. The gate on the
return arm was also lowered at this time to allow the rat to return
to the base feeder and hence start the next trial. Once a rat was
at the base feeder, the return gate raised, preventing backwards
navigation.
Weight-lifting
A novel weight-lifting effort-based decision-making task was con-
ducted on a Y-shaped maze, painted in light gray epoxy paint,
with 51 cm high black corrugated plastic walls. The base arm of
the maze was a total of 76 cm long while the two choice arms
were 37 cm long. The running track was 15 cm wide. In each
choice arm, a seesaw lever (30.5 cm long× 2.54 cm wide× 0.5 cm
thick) protruded through the back wall (Figure 2C). Small cop-
per pellets were packaged into plastic bags and attached to the
back end of one lever to control the force required to depress the
lever. Position was monitored via a magnet and Hall effect sen-
sors. Food delivery wells were located in front of each lever and
near the end of the base arm. A small LED cue light, positioned
24 cm from the floor, illuminated when a successful lever press
was made. In the base arm, an infrared emitter-sensor pair were
used to detect the rat’s presence and deliver food when appropri-
ate. The experiment was conducted in a dimly lit room (as above)
using an infrared-sensitive video camera and infrared lights for
behavioral monitoring.
The stem of the Y was referred to as the “base” and rats were
trained to alternate between the base feeder, where a photo beam
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interrupt delivered food, and one of the two choice arms, where a
lever press was required to yield a reward.
Courage task
A newly developed courage task was also conducted on a Y-maze,
painted in light gray epoxy paint, with 35.6 cm high black corru-
gated plastic walls. All three arms of the maze were 76 cm long
and 14 cm wide. The maze was elevated 60 cm from the ground.
Infrared beams were used on all three arms to trigger reward
delivery and track trials. On one of the reward arms, the wood
floorboard and walls could be removed, revealing a wire mesh
bridge, exposed on the sides and open to the bottom (Figure 2D).
In Experiment 1, this task was conducted in a dimly lit room
(as above). During Experiment 2, this task was conducted under
standard room lighting, provided by four 40W fluorescent tubes.
As in the weight-lifting task, the stem of the Y was referred to
as the “base” and rats were trained to alternate between the base
feeder and one of the two choice arms. On each arm, a photo
beam across the path 10 cm from the feeder well was used to
detect the rat’s presence and trigger reward delivery.
Open field test
Rats in Experiments 1 and 2 were tested on the open field test
after completion of all experimental tasks, conducted on a 123×
123 cm square field made of corrugated plastic with 51 cm high
walls. Rats were placed on the open field and allowed to explore
for 5min. The task was videotaped and an in-house program
allowed for analysis of distance covered, time spent in periphery
vs. center, and running speed.
TRAINING AND TESTING PROCEDURES
Ramp-climbing task
In Experiment 1, rats were trained on the ramp climbing task in
the morning and the lever pressing experiment in the afternoon.
Pre-training on both tasks continued until rats had reach behav-
ioral criterion or until 28 days had elapsed, whichever came first.
The stages of training are described below.
Rats were first pre-trained to run for reward on the maze with
both ramps at zero height. In this stage, all pulse widths (PW;
the time the solenoid valve was open to let fluid run through)
were set at equal durations (600ms), which produced a medium
amount of food reward. Once rats reached>30 trials on the task,
the base feeder PW was lowered to 300ms, which produced a
small amount of food reward. After rats successfully completed 60
trials in one session, they moved on to reward contingency learn-
ing. During pre-training and all subsequent testing, each session
lasted 20min or 60 trials, whichever came first.
In the next stage rats learned to choose a high reward over a
low reward. For each rat, a HRA and a LRA were assigned and
stayed fixed throughout the remainder of the experiment. Left
and right arms were assigned as HRA in a counter-balanced fash-
ion, subject to the constraint that rats with a strong side bias were
assigned a HRA on the non-preferred side. Based on the solenoid
PW, the HRA:LRA reward ratio was 4:1. That is, the LRA PW
was 300ms and the HRA PW 1200ms. Due to the non-linear
response of delivery system, however, the volume and calorie
ratio was approximately 12:1. The volume at 300ms was 0.02mL
(0.02 kcal), at 600ms it was 0.1mL (0.11 kcal), and at 1200ms it
was 0.24mL (0.26 kcal). Rats had to reach a criterion of 80% or
greater HRA trials for 2 non-consecutive days before moving on
to effort training.
In the final pre-training stage, rats were gradually acclimated to
increasing ramp height on the HRA. For all stages in effort train-
ing and subsequent testing, rats received four forced trials without
any effort present, two to each arm in alternation, at the begin-
ning of each session. These trials were not counted in any analysis
and simply served to remind the rat of the reward contingen-
cies. This is consistent with methodology used in previous studies
(Walton et al., 2003). After the four forced trials, the rat was taken
off the maze while the ramp of the HRA was raised to the spe-
cific height for the session. In effort stage 1, rats were trained to
climb a 15.2 cm high ramp, followed by a 25.4 cm high ramp in
stage 2, 30.5 cm in stage 3, and 35.6 cm in the final effort stage 4.
In stages 1–3, rats had to achieve a criterion of 1 day of 60 trials
and 80% of HRA entries or greater. During this training phase,
rats who failed to achieve criterion within 5 days at any given
stage were moved to the next stage. In stage 4, rats had to achieve
a criterion of 2 days of criterion performance, not necessarily
consecutive.
Following surgery, rats were allowed to recover for 10–14 days
before testing and then received 3 days of testing on the ramp-
climbing task. Here, rats received four forced trials without effort
as previously described. Then the ramp height of the HRA was
raised to 35.6 cm. During testing, rats again completed the ramp-
climbing session in the morning and the weight-lifting sessions in
the afternoons.
As described in the Experimental Overview Section, two addi-
tional ramp tasks followed ramp-climbing testing. On the incre-
mental task, rats received a number of height increments in the
HRA within one single session, where heights were incremented
every 10 trials. Increments consisted of 0, 15.2, 25.4, 30.5, 35.6,
40.6, 45.7, and 50.8 cm. On the challenge task, rats first received a
zero effort control day to re-establish their reward learning. In the
second session on the following day, rats received the four forced
trials at 0 cm, followed by the remainder of the session at 50.8 cm,
the highest height they had previously experienced.
Weight-lifting lever task
In Experiment 1, rats were pre-trained on the ramp and lever
tasks simultaneously, as described above. In Experiment 2, rats
were pre-trained on levers only. In both Experiment 1 and 2,
training proceeded until criterion was achieved (as described
below) up to a maximum of 28 sessions. In Experiment 3, rats
were pre-trained on the lever task with unweighted levers until
criterion up to a maximum of 14 days.
Rats were first pre-trained to enter arms and depress levers for
reward with no weights on the levers. At this stage, the training
protocol, including amounts of food and performance criteria
were exactly as described for the ramp pre-training except that
the base reward port was now on the stem of the Y. To help shape
lever pressing behavior, during the initial period with 600ms PW
at all reward sites, a slight press of the lever was sufficient to trig-
ger reward. After this period, rats had to depress the lever through
60 degrees of arc (roughly 14 cm) to receive reward. As with the
ramp task, each pre-training and testing session lasted 20min or
60 trials, whichever came first.
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After rats reached 60 trials in 20min, they moved on to reward
contingency learning and HRA/LRA were determined the same
way as described above for the ramp-climbing task. After the four
forced trials, the rat was blocked from access to the decision arms
while a weight was affixed to the end of the seesaw lever. Weights
were tailored to each individual rat’s target weight, expressed as a
percent of body weight and rounded up or down to the nearest
5 g. In effort stage 1, rats were trained on a weight of 10% of their
body weight. Once a minimum of 80% HRA trials was reached in
a session, rats moved on to the next stage with the same criterion.
In Experiment 1, throughout stages 2–4, rats were trained on 15,
17.5, and 20% of their body weight, respectively. In Experiment
2, throughout stages 2–8, rats were trained rats on 15, 20, 25, 30,
32.5, 35, 37.5, and 40% of their body weight. In the final stage, rats
had to achieve two sessions of criterion performance, though not
necessarily on consecutive days. During testing after surgery, rats
were first presented with the four forced trials, and then directly
with a weight of 20% (Experiment 1) or 40% (Experiment 2) of
their body weight on the HRL.
In all three experiments, rats were allowed to recover for 10–
14 days after surgery before testing. In Experiment 1 and 2, rats
received 2–3 lever-pressing testing days followed by an equate
effort day, and an incremental session. In the incremental task,
rats received a number of weight increments in the HRA within
one single session, where weights were incremented every 10 tri-
als. Increments consisted of 0, 15, 20, 25, 27.5, 30, 32.5, 35, 40, 45,
and 50% of the rats’ body weights, depending on the experiment.
In Experiment 1, rats also underwent a lever challenge task follow-
ing courage testing. Rats first received a zero effort baseline day to
re-establish their reward learning. In the second session on the
following day, rats received the four forced trials at 0%, followed
by the remainder of the session at 40%, the highest weight they
had previously experienced. In Experiment 3, rats were only pre-
trained on lever pressing and reward contingency with no weights
attached. After surgery, they were then tested on the incremental
effort task.
Courage task
Pre-training and testing for this task were conducted entirely
post-surgery. Rats completed pre-training and reward contin-
gency training, as in the previous two tasks, with walls on all three
arms. On this task, rats were started with a base PW of 300ms
with the LRA delivering 300ms worth of Ensure and the HRA
delivering 1200ms worth of Ensure. Once rats achieved two ses-
sions of 60 trials and 80% HRA, walls and floorboard of the HRA
were removed creating an exposed, and presumably scary, bridge
to the high reward well. In Experiment 2, the room lights were
also turned on that this point.
SURGERY
All rats underwent surgery. In Experiment 1, rats were matched
according to task performance on the ramp-climbing task, fac-
toring in both days to criterion and total HRA choices on the final
day, and then divided into sham and ACC lesion groups prior to
surgery. In Experiments 2, rats were matched according to task
performance on the weight-lifting task. In Experiment 3, match-
ing was based on task performance on the reward-discrimination
training.
Thirty minutes prior to commencing anaesthesia, rats
were injected with 0.03mg/kg buprenorphine (concentration:
0.03mg/mL, Sigma Aldrich, Oakville, ON) to increase their pain
threshold. Isoflurane (Abbott Laboratories, Abbott Park, IL) was
set between 1 and 3% throughout the duration of the surgery
so as to maintain a constant respiration rate. All rats received a
3mm wide by 5mm long craniotomy, exposing the dura. For
sham rats, the craniotomy was then covered with a thin film of
brain butter (one part bone wax and two parts mineral oil). For
lesion rats, bilateral injectors, 28 gauge with a 45 degree bevel,
were lowered to each of the following coordinates (after Walton
et al., 2002): (anterio-posterior/dorso-ventral/medio-lateral):
+3.0/−1.5/±0.75mm, +2.3/−2.0/±0.75mm, +1.6/−2.0/
±0.75mm, +0.9/−2.0/±0.75mm, +0.2/−2.0/±0.75mm.
Anterior-posterior is measured from bregma and depths are
relative to dura surface. Injectors were connected via tubing
(thin-walled PE50 tubing, Fisher Scientific, Toronto, ON) to two
Hamilton syringes (Hamilton, Reno, NV) held in a syringe pump
(Legato 100 Series, KD Scientific, Holliston, MA). Injections of
N-Methyl-D-aspartic acid (NMDA, 300μL, 15mg/mL, Sigma
Aldrich, Oakville, ON) were made at a rate of 0.15μL/min and
injectors were left in place for 5min after injection to allow
for diffusion. Following the final injection, the craniotomy was
covered with a thin film of brain butter prior to suturing. Post-
surgery, rats were treated with 1mg/kg Metacam (meloxicam,
concentration: 5mg/mL, Boehringer Ingelheim, ON) for 3 days
at 24 h intervals.
HISTOLOGY
Following completion of all experiments, rats were deeply anaes-
thetized with 100mg/kg sodium pentobarbital, then transcar-
dially perfused with 1× phosphate-buffered saline (PBS) and 4%
paraformaldehyde (PFA). Brains were post-fixated in 4% PFA for
at least 48 h before they were transferred to a 30% sucrose solution
with sodium azide. Brains were sectioned at 40μm on a cryostat
and stained with 0.5% Cresyl violet. Sections were imaged using
a nanozoomer (Hamamatsu Corporation, Middlesex, NJ).
ANALYSES
For any statistical test, if the sphericity assumption was violated
as judged by Mauchly’s test of sphericity, the Greenhouse–Geisser
ε values were considered. For any value below 0.7, the values from
the Wilks’ λ row in the multivariate table are reported. All tests
were conducted at an alpha level of 0.05. In any ANOVA, planned
pairwise comparisons were used with the Bonferroni adjustment
for comparison of main effects. For multiple post-hoc compar-
isons, the Bonferroni correction was used to adjust the alpha level.
RESULTS
HISTOLOGY
The majority of lesions in all experimental were fairly restricted
to Cg1/Cg2, with almost all cases including minor damage to
M2 and PL (see Figure 3). Lesions could extend as far anterior
as +5.2mm AP from bregma, damaging parts of PL/IL and M2
anterior to the Cg1. Corpus callosum was generally intact. No
lesions extended posteriorly past−1.56mmAP from bregma, and
many did not extend this far. Overall, there an anterior shift of
lesions relative to our injection sites, suggesting a slight mismatch
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FIGURE 3 | Reconstruction of anterior cingulate lesions. Lightest
gray indicates damage in only one animal while darkest gray
indicates damage common to all animals. Experiment 3 results are
not shown but are highly similar to those shown for Experiment 2.
Lesions are largely restricted to Cg1 and Cg2, with minor damage
to M2 and PL.
between our Long-Evans rats and our reference atlas(Paxinos and
Watson, 2007). Consequently, in the atlas coordinates, damage
tended to extend anteriorly, but was minimal posteriorly, even at
the exact location of the posterior injection (+0.24mm).
In the lateral direction, damage rarely extended into M1,
although in one animal with extensive damage, the lesion reached
into primary somatosensory cortex on one side. This animal,
however, was not excluded because it showed normal behavior
on the open field test (data not reported).
RAMP-CLIMBING TASK
We aimed to confirm that ACC lesions deter high-reward choices
when that reward requires climbing a ramp, as has previously
shown (Walton et al., 2002). After exclusions due to health-related
issues and lesion size a total of 19 animals were included in the
experiment. Of these, another two were excluded due to inade-
quate performance during pre-training. Hence, for this analysis
data from 9 rats with ACC lesions and 8 rats with sham surgery
was compared. Results are shown in Figure 4A. To facilitate anal-
ysis, data from each testing session was analyzed by trial within
a session, using averages over blocks of 10 trials. We compared
performance between groups on the last day of training and first
day of testing using a repeated measures analysis of variance
(ANOVA) with trial (trial bins 10, 20, 30, 40, 50, 60) and ses-
sion (last day of training, testing day 1) as the within-subjects
factors and Group (ACC lesion, sham) as the between-subjects
factor. The analysis revealed a significant Session × Group inter-
action, F(1, 15) = 22.86, p < 0.001 Post-hoc tests for simple main
effects showed that ACC-lesioned rats performed significantly
more HRA climbs on the last day of training (M = 85.56, SD =
5.34) than on the first day of testing (M = 24, SD = 29.82),
F(1, 8) = 32.4, p < 0.001. Most importantly, ACC-lesioned rats
performed significantly fewer HRA climbs on the first testing
day (M = 24, SD = 29.82) than sham animals (M = 81.88, SD =
9.23), t(9.69) = 5.53, p < 0.001. These results replicate existing
results on standard ramp-climbing paradigms after ACC lesions
(e.g., Walton et al., 2002, 2003).
As can be seen in Figure 4A, results suggested that lesion ani-
mals gradually increased their HRA climbs across days, as has
been observed in other studies (Walton et al., 2002). However, a
repeated measures ANOVA of trial bins across the 3 testing days
(a total of 18 trial bins) with Group as a within subjects fac-
tor showed main effects of both trial and group but no Trial ×
Group interaction [Trial: F(4.28, 64.26) = 2.89, p = 0.026; Group:
F(1, 15) = 20.48, p < 0.001]. Hence, although both groups, com-
bined, improved over time there was no statistical evidence that
lesioned animals, in particular, improved with time.
As with previous ramp-climbing studies, a final session
assessed rats’ ability to make decisions about high and low reward
when both arms had a high (35.6 cm) barrier (the “equate effort”
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FIGURE 4 | Mean performance of ACC lesioned and sham control rats
on all ramp-climbing effort tasks. (A) Percentage of high-reward arm
(HRA) successful climbs in which a 35.6 cm ramp was present on the HRA
across 5 testing sessions. Means and standard errors are first computed
in blocks of 10 trials for each animal and then averaged within groups.
“Training” shows performance on the last day of training before surgery.
Testing days 1–3 show performance post-surgery. “Equate Effort” shows
performance when a 35.6 cm ramp was present in both high- and
low-reward choice arms. (B) Incremental test results showing the
percentage of HRA climbs as ramp height was increased from 0 to
50.8 cm within a single session. (C) Challenge test results showing the
percentage of HRA climbs when ramp height on the HRA was suddenly
increased from 0 during the baseline session to 50.8 during the
subsequent challenge session.
test). If lesioned rats were to successfully complete this task, it
would confirm that (1) they can make correct decisions about
reward magnitude and (2) they are capable of climbing high
ramps, helping to rule out gross motor deficits as an explanation
for their avoidance of high ramps in the high-ramp/no-ramp test.
Compared to the last day of training, equating effort caused both
groups to choose the HRA more frequently. However, it did not
eliminate the differences between groups. These conclusions are
borne out by a Session × Trial × Group ANOVA which showed
main effects of both session and group [Session: F(1, 15) = 21.84,
p < 0.001; Group: F(1, 15) = 11.64, p = 0.004] but no Session ×
Group interaction. This result suggests that rats with ACC lesions
have decision-making deficits beyond those involved in weigh-
ing effort and reward. The most likely explanation is that, owing
to the extensive number of testing trials during which lesioned
rats choose the LRA, lesioned rats were unable to break habitual
patterns of response.
To assess the effects of different ramp heights on the deci-
sion making abilities of rats with ACC lesions and sham controls,
all rats were tested in an incremental session, where the effort
was incremented every 10 trials. A repeated measures ANOVA
with the within-subjects factor increment (8 increments) and the
between-subjects factor group revealed a main effect of incre-
ment, F(7, 9) = 4.23, p = 0.024, but none of group, and no
significant interaction. Pairwise comparisons showed that over-
all performance across groups at 0 cm was significantly worse
than at 15.2, 25.4, and 30.5 cm, but performance on these lat-
ter three increments as well as 35.6 and 40.6 cm was significantly
better than on 50.8 cm, all p-values <0.028 (Figure 4B). Hence,
combined across groups, rats showed gradually increasing HRA
climbs during the first half of the session, probably due to practice
effects, followed by a gradual decline in HRA climbs as effort lev-
els increased. A follow-up ANOVA excluding the 0 cm condition
showed a marginally significant effect of group [F(1, 15) = 4.54,
p = 0.05], but again no group × increment interaction. Hence,
while there is evidence that lesioned animals performed worse
on this task they do not reduce HRA choices any faster as effort
increases.
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Based on evidence that medial prefrontal regions are critical
to adjusting to changing task contingencies (McDonald et al.,
2008), we wondered whether the large differences in performance
on the first testing day after surgery (Testing Day 1) could be
attributed to the sudden presentation of a large ramp after more
than a week without practice on the task. To examine this pos-
sibility, rats were retrained to discriminate high and low rewards
without barriers and then, on a subsequent testing day, were sud-
denly presented with a very high (50.8 cm) ramp in the HRA. As
shown in Figure 4C, this manipulation caused a strong reduction
inHRA climbs in both groups, but no differences between groups.
A Session × Trial × Group ANOVA showed a significant main
effect of Session [F(1, 15) = 63.76, p < 0.001] but no other sig-
nificant differences. Hence, we found no evidence that a sudden,
unexpected increase in ramp height leads to specific behavioral
impairments in rats with ACC lesions.
Looking more closely at rats’ behavior on the first day of
testing, it was noticed that ACC-lesioned rats behave differently
than sham animals. Specifically, lesion rats were observed turn-
ing into the HRA without climbing the ramp and instead turning
around and ultimately choosing the LRA. In many instances,
the lesioned rats actually put their paws upon the ramp as if to
start climbing, but then backed away. To quantify this behav-
ior, previously acquired video of rat’s performance on Testing
Day 1 was scored for the frequency of initial turns into the
HRA whether or not that turn ultimately resulted in a success-
ful climb. The results are shown in Figure 5. Comparing these
results to those shown in Figure 4A reveals a striking difference.
In the first 10 trials, lesioned rats turned into the HRA 71 per-
cent of the time but only climbed the ramp 7 percent of the
time. Sham controls, in comparison, chose the HRA 89 percent
of the time and climbed the ramp 83 percent of the time. A
Trial Bin × Group ANOVA showed a significant main effect of
Trial [F(5, 55) = 7.810, p < 0.001] and a Trial × Group interac-
tion [F(5, 55) = 5.129, p < 0.005]. Post-hoc paired comparisons
of groups within trials showed a significant difference for trial
bins 20, 30, 40, and 50 (using a Bonferoni corrected alpha of
0.008) but not for bins 10 (p = 0.052) and 60 (p = 0.015). Even
without correcting for multiple comparisons, the results show no
statistical difference between HRA turns in the first 10 trials, sug-
gesting that rats with ACC lesions do not have an impairment in
choosing the HRA but rather in following through on the climb
once that arm is chosen. Interestingly, however, after repeated
trials they do stop turning into the HRA and instead turn first
into the LRA.
WEIGHT-LIFTING TASK
Experiment 1: weight-lifting with moderate weight
The purpose of this experiment was to test whether rats with
ACC lesions would show impairments in effort-reward decisions
when effort involved pressing a weighted lever. The experiment
was conducted in parallel with the ramp task, using the same
group of animals, a total of 10 rats with ACC lesions and 9
sham operated controls. We predicted that we would see a sim-
ilar effect on this task as on the ramp-climbing task, namely,
ACC-lesioned rats would greatly reduce their choices of the HRA
after surgery. However, as can be seen in Figure 6A, that was
FIGURE 5 | Percentage of high-reward arm turns, independent of climb
on the first post-surgical testing session of the ramp task. Shown are
the percentage of times rats turned into the HRA, whether or not that turn
was followed by a successful climb. Data are presented in blocks of 10
trials. Error bars are standard error of the mean. In the initial block of 10
trials, rats with ACC lesions were almost as likely to turn into the HRA as
sham controls, but far less likely to actually climb the ramp once they
encountered it.
not the case. A repeated measures ANOVA with the within-
subjects factors Trial (trial bins 10, 20, 30, 40, 50, 60) and Session
(last day of training, testing day 1) and the between-subjects
factor Group revealed a significant Trial × Session × Group
interaction, F(5, 13) = 3.81, p = 0.024. Post-hoc tests showed a
significant group difference on the last day of training, where
ACC-lesioned rats (M = 96.1, SD = 3.03) performed worse than
sham animals (M = 99.33, SD = 1), t(11.12) = 3.18, p = 0.009.
The apparent group differences on testing day 1 proved non-
significant. These results show that the two groups were not
equivalent before surgery, a result which is not unexpected as rats
were assigned to groups based on their performance on the ramp
task, not the lever task. More importantly, there was no evidence
that lesioned rats were less likely to choose the HRA when tested
after surgery.
To compare group performance across testing days, a repeated
measures ANOVA with the within-subjects factor Trial (12 levels
for each of 6 trial bins over 2 testing days) and the between-
subjects factor Group was conducted. This analysis revealed no
significant differences, indicating that groups did not differ from
each other on either testing day and that performance across
testing days was stable. When comparing testing day 2 to the
equate effort day in a repeated measures ANOVA as outlined
above, a small but significant main effect of group was found,
F(1, 17) = 5.29, p = 0.034, indicating that sham animals (M =
98.8, SD = 1.26) consistently outperformed ACC-lesioned ani-
mals (M = 94.09, SD = 3.32). Given the small size of the effect,
these results may simply reflect the pre-existing differences in
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FIGURE 6 | Mean performance of ACC lesioned and sham control rats on
all weight-lifting effort tasks. (A) Percentage of high-reward arm (HRA)
lever presses for 4 session in which a weight of 20% of body weight was
present on the high-reward lever. Means and standard errors are first
computed in blocks of 10 trials for each animal and then averaged within
groups. “Training” shows performance on the last day of training before
surgery. Testing days 1–2 show performance post-surgery. “Equate
(Continued)
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FIGURE 6 | Continued
Effort” shows performancewhen both leverswereweightedwith 20%of body
weight. (B) Percentage of HRA lever presses for sessions in which a weight of
40% of body weight was present on the high-reward lever. These results are
from Experiment 2. (C,D) Incremental test results showing the percentage of
HRA lever presses as lever weight was incrementally increased within a single
session. Results in (C) are from Experiment 1 and (D) from Experiment 2. (E)
Challenge test results fromExperiment 1 showing the percentage of HRA lever
presses when lever weight on the HRA was suddenly increased from 0 during
the baseline session to 50% during the subsequent challenge session. (F)
Incremental test results for rats with no prior weight-lifting experience. These
results are from the cohort of animals tested in Experiment 3 inwhich ratswere
pre-trained to press the high-reward lever without weights before surgery and
tested with incrementally increasing weights in a single session after surgery.
performance seen during training before surgery. More impor-
tantly, there was no Session× Group interaction.
The very high percentage of HRA choices by both groups
observed in the 2 testing days raised the possibility that the weight
used in the first task was simply not heavy enough. To test whether
higher levels of effort might cause lesioned animals to stop choos-
ing the HRA, rats were further tested in an incremental task in
which the weight attached to the lever was increased every 10
trials. As can be seen in Figure 6C, increasing the weight caused
both groups of animals to reduce choices of the HRA. At higher
weights, lesion animals chose the HRA slightly less than sham
controls. However, an Increment × Group ANOVA showed only
a main effect of increment, F(8, 10) = 3.48, p = 0.034. The main
effect of Group and the Increment × Group interaction were
both non-significant. Pairwise comparisons showed that, over-
all, rats performed significantly fewer HRA entries at increment
0% compared to 15, 20, and 25%, but performed significantly
more HRA entries at those latter three increments compared to
the 40% increment. As with the ramp results, these findings sug-
gest that both groups increased their HRA responses during the
first dozen trials but then reduced their HRA responses as lever
weight increased.
Finally, parallel to the ramp-climbing study, rats were tested
with a sudden, unexpected high level of effort in the “challenge
task.” Rats were re-trained with unweighted levers during one ses-
sion, allowing both groups to re-learn theHRA, and were tested in
the next session with a weight that was 40% of their body weight.
This was the highest weight they had previously experienced. As
with previous manipulations, there was a slight tendency for ACC
lesion animals to choose the high-effort/high-reward lever less
than sham controls (Figure 6E). However, a Session × Trial ×
Group ANOVA showed a main effect of Session F(1, 17) = 18.86,
p < 0.001, but no effect of Group or Session×Group interaction.
Experiment 2: weight-lifting with heavy weight
In the first weight-lifting test in Experiment 1 (Figure 6A), both
groups choose the HRA at very high rates, suggesting a ceiling
effect due to insufficient weight. Thus, the task was repeated with
a new group of animals using a higher effort level (i.e., 40% of
body weight). After exclusions due to health-related issues and
lesion size a total of 20 animals were initially included in the
experiment. The weight-lift task proved to be extremely diffi-
cult and only 12 animals successfully completed pre-training.
Hence, testing was limited to 6 rats with ACC lesions and 6 rats
with sham lesions. As can be seen in Figure 6B, larger effort did
reduced the degree to which ACC lesioned animals chose the
HRA during testing compared to Experiment 1. However, a Trial
× Session × Group ANOVA comparing the last day of train-
ing to the first day of testing showed no significant main effects
or interactions. Similarly, a Trial × Group ANOVA across the 3
testing days yielded no significant main effects or interactions.
Finally, a repeated measures ANOVA comparing testing day 3
and the equate effort session following the design previously used
also showed no significant main effects or interactions. Hence,
despite the apparent differences in groupmeans, all statistical tests
indicate that lesion animals perform no differently than sham
controls.
Closer examination of our results revealed why no statisti-
cal differences were observed between groups. As shown in the
supplementary material, Figure S2, 4 lesion rats pressed the high-
reward lever the majority of the time, similar to our sham control
rats. The remaining two lesioned rats pressed the HRA a few times
and then their HRA responses dropped to near zero. Hence, the
data show a binary effect with some rats looking no different than
controls and two rats showing a dramatic drop-off in HRA lever
presses. Re-examination of video data showed that these two rats
usually chose the HRA during the first 10–20 trials but were usu-
ally unable to depress the lever to its lowest position and hence
trigger reward delivery. After many failed attempts, these two rats
switched away from the HRA and seldom tried again. This pattern
is reflected in the choice data shown in Figure 7. This graph shows
the number of times rats entered the HRA and put their paws on
the lever, whether they were successful in pressing the lever all the
way down or not. During the first 10 trials, it is apparent that both
lesion and control animals initially chose the HRA lever. However,
after 20 trials, the two lesion animals who could not succeed on
the lever press switched away from choosing the HRA, leading to
a reduced mean HRA choice. However, a Trial × Group ANOVA
showed no significant differences.
The same group of animals was also tested in an incre-
mental session, this time using weights up to 50% of body
weight (Figure 6D). Despite an apparent trend for both groups
to respond less to the HRA with increasing weight, no significant
main effects or interactions were found. Importantly, all of the
weight-lifting tests in Experiment 2 were done with a relatively
small number of animals and hence our power is low.
Experiment 3: weight-lifting without prior training
The results of Experiment 2 showed that our method of mea-
suring effort-reward decision making with weighted levers had
significant drawbacks. Specifically, increasing the weight to a
level which might discourage HRA choices meant that few ani-
mals could successfully achieve our pre-training criterion level
of 80% HRA lever presses. A partially depressed lever also fails
to yield reward, leading two rats to apparently assume that the
HRA was non-functional and leading them to choose the LRA
instead. This may account for the binary outcomes observed
within our lesion group. To overcome these problems, a third
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FIGURE 7 | Percentage of high-reward arm lever choices, independent
of successful lever press on the first post-surgical testing session of
the high-weight lever test, Experiment 2. Shown are the percentage of
times rats turned into the HRA and placed their paws on the lever, whether
or not that action was followed by a successful lever press. Data are
presented in blocks of 10 trials. Error bars are standard error of the mean.
experiment was conducted using an incremental weighted lever
test. Importantly, this incremental test was the first test con-
ducted after surgery, reducing the possibility that previous expe-
rience could have led to compensatory adjustments in lesioned
animals.
Another consideration in the design of this experiment was
our observation that previous weight training shifted the break-
point of lever effort-discounting curves. In Experiment 1, rats
were pre-trained to lift up to 20% of their body weight. When
these rats were tested with incrementally increasing values, HRA
choices began to drop when weights reached 30%. In contrast,
when rats were pre-trained with up to 40% of their body weight
in Experiment 2, there was no statistically significant fall-off in
responses, even at 50% of body weight. Hence, we hypothesized
that testing rats in an incremental test with no prior experi-
ence lifting weights might lead to steeper effort discounting and
hence be themost sensitivemeasure of whether ACC lesioned ani-
mals were as willing as control animals to exert effort to achieve
reward.
Twenty four animals were included in the study, 12 rats
with ACC lesions and 12 rats with sham surgery. As shown in
Figure 6, both groups of animals showed a much steeper drop-
off in HRA choices as weight increased than was observed in
either Experiment 1 (Figure 6C) or Experiment 2 (Figure 6D).
More importantly, there were no differences between groups.
These observations are borne out by statistical analyses. An
Increment × Group ANOVA showed only a main effect of
increment, F(10, 13) = 57.68, p < 0.001 but no effect of Group
or Increment × Group interaction. Hence, when tested with-
out prior weight-lifting experience, increasing weights clearly
deterred HRA choices. However, despite the increasing difficulty
of the task, we found no indication that rats with ACC lesions
were less likely to choose the high-effort/high-reward lever. We
conclude that prior training cannot explain the lack of group
differences in our previous lever-pressing tests.
COURAGE TASK AND OPEN-FIELD BEHAVIOR
Experiment 1: courage with moderate fear
The question that motivated the courage task was whether other
forms of cost, such as the need to overcome fear, could deter
HRA choices in ACC lesioned animals in the same way that phys-
ical effort deterred HRA choices on the ramp-climbing task. To
answer this question, rats were trained to choose between two
arms of a maze that differed in reward. Then, during testing,
the walls and floorboards of the HRA were removed, creating an
exposed bridge that rats instinctively avoid. If the ACC mediates
all forms of cost-benefit decisions, then rats with ACC lesions
should be more deterred by the high-fear/HRA than sham con-
trols. This experiment was conducted after the Experiment 1
ramp andweight-lifting tasks using the same group of animals (10
rats with ACC lesions and 9 rats with sham surgery). As shown in
Figure 8A, exposing the HRA caused a definite reduction in HRA
choices in both groups. Further, both groups increased their HRA
choices across the testing session, suggesting habituation to the
fear-inducing arm. However, there were no apparent differences
between groups during testing. These effects were supported by
statistical tests. A Trial × Session × Group ANOVA comparing
the last training day to the testing day revealed significant main
effects of Trial, F(5, 13) = 8.96, p = 0.001, and Session, F(5, 13) =
11.06, p = 0.004, but no main effect or interactions involving
Group. Pairwise comparisons showed that across groups and
sessions, rats performed significantly worse in trial bin 10 com-
pared to all other trial bins, all p-values <0.008. Further, all rats
performed significantly more HRA entries during the last day
of training (M = 91.77, SD = 6.84) compared to testing day 1
(M = 77.11, SD = 2.72). These results show that exposing the
HRA was sufficient to deter HRA choices but did not cause any
behavioral differences between groups.
Behavioral observations indicated that rats often entered the
HRA after choosing the LRA before returning to the base zone
on the stem of the Y. However, quantitative analyses showed
that this behavior was no more likely in control animals than
lesion animals. Hence, it merely indicates that the task was not
as fear-inducing as results based on initial choice, reported above,
suggest.
Experiment 2: courage with more intense fear
The courage task in Experiment 1 showed no behavioral differ-
ence between rats with ACC lesions and sham controls. However,
the reductions in HRA entries upon exposure of the HRA were
rather modest, raising the possibility that greater levels of fear
might selectively deter rats with ACC lesions from theHRA. Thus,
the level of anxiety (and hence required level of courage) was
increased by turning on the room lights, a manipulation known
to increase the anxiety of rodents in the elevated plus maze (Hogg,
1996). This test was conducted using the same group of ani-
mals previously tested in the weight-lifting task in Experiment 2,
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FIGURE 8 | Mean performance of ACC-lesioned and sham control rats on
all courage tasks. (A)Percentage of high-reward arm (HRA) choices for the last
day of training and first day of testing on the courage task. Rats were trained
with walls and a solid floor and then tested with those walls and floor removed.
These results are from Experiment 1, which was conducted in a dimly lit room.
Means and standard errors are first computed in blocks of 10 trials for each
animal and then averagedwithin groups. (B) Percentage of HRA choices for the
last day of training and 3 days of testing on the courage task in Experiment 2.
For all testing days, the walls and floorboard were removed from the HRA and
the room lights turned on. (C)Comparison ofmean HRA choices during 10 trials
and last 10 trials on Testing Day 1 in Experiment 2. Asterisk indicates a
significant difference between first and last 10 trials for sham controls.
consisting of 20 animals, 11 with ACC lesions and 9 sham con-
trols. As shown in Figure 8B, turning on the room lights caused
both groups to avoid the high-fear/HRA to a greater degree than
in Experiment 1. A Trial × Session × Group ANOVA comparing
the last training day to the first testing day revealed a significant
Trial × Session × Group interaction, F(5, 14) = 5.12, p = 0.007.
Post-hoc analyses revealed a simple main effect of trial within
the control group, F(5, 40) = 5.93, p < 0.001, but pairwise com-
parisons were non-significant. Further, post-hoc tests indicated a
simple main effect of session within the control group, F(1, 8) =
12.06, p = 0.008, where sham rats performed significantly more
HRA entries during the last day of training (M = 96.11, SD =
4.43) than during testing 1 (M = 55.28, SD = 13.46). The same
was true for ACC-lesioned rats, F(1, 10) = 24.27, p = 0.001; ani-
mals performed significantly more HRA entries during the last
day of training (M = 96.21, SD = 4.04) than during testing 1
(M = 41.06, SD = 3.61). No other post-hoc tests were statistically
significant. Hence, the level of exposure in the HRA was clearly
sufficient to deter choices but both lesion and control animals
were equally deterred. To compare group performance across the
3 testing days, a Trial × Group ANOVA was conducted. This test
showed no significant differences between groups or across trial
blocks.
The significant effect of trial within the control group on
the first testing day suggests that control animals increased HRA
choices during the session while lesion animals did not. To follow-
up on this effect, the first and last trial bins on testing day 1
were subjected to a paired samples t-test for each group separately
(Figure 8C). This analysis showed that control rats improved sig-
nificantly from trial bin 10 (M = 32.22, SD = 34.56) to trial bin
60 (M = 66.94, SD = 36.95), t(8) = −4.12, p = 0.003 whereas
lesion animals did not. In sum, ACC lesions did not affect the
overall number of HRA choices in the face of fear but did stop
rats from habituating to the high-fear/HRA.
Open field behavior
Following the aforementioned testing in Experiments 1 and 2, all
rats were tested an 123× 123 cm open field for 5min to test for
differences in anxiety or intrinsic activity levels. In Experiment
1, 9 rats with ACC lesions and 9 sham controls were tested.
In Experiment 2, 12 lesion and 12 sham controls were tested.
Dependent measures were time spent in center, path length, and
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running speed. No significant differences were observed in either
experiment on any of the behavioral measures.
DISCUSSION
The primary purpose of this study was to examine the role of ACC
in reward-related decisions involving different forms of costs,
including two forms of physical effort as well as fear. Consistent
with previous reports (Walton et al., 2002, 2003; Schweimer and
Hauber, 2005; Rudebeck et al., 2006; Floresco and Ghods-Sharifi,
2007; Hauber and Sommer, 2009), we were able to show that
rats with ACC lesions avoided a HRA that required the effort
of climbing a wire mesh barrier. When effort involved pressing
weighed levers to obtain reward, however, the picture was more
complex. In Experiment 2, we found that two out of six of our
lesioned animals stopped choosing the HRA while the remain-
ing 4 animals performed no different than controls. A sensitive
follow-up study (Experiment 3) using incremental increases in
weights with no prior weight-training experience showed no dif-
ferences between lesion and control groups. Based on the fact that
4 of our 6 lesioned animals in Experiment 2 were no different than
controls and the lack of effect in Experiment 3, we conclude that
the ACC is unlikely to be necessary for effort-reward decisions
involving pressing weighted levers. Finally, when effort involved
the courage to cross an exposed track to reach high reward, rats
with ACC lesions were equally likely to enter the exposed arm.
However, unlike controls, they failed to show any increase in high-
fear/high-reward choice over time, suggesting a possible role for
ACC in habituation or learning to overcome fear. Taken together,
these results suggest that the role of rodent ACC in effort-reward
decisions may be limited to only certain forms of physical effort.
We also report, for the first time, that ACC-lesioned rats in the
ramp-climbing task were far more likely to turn back after reach-
ing the barrier that sham controls. This effect was strongest in
the first 10 trials, after which ACC lesioned rats shifted their ini-
tial choice more and more toward the LRA. This finding suggests
that the ACC is not involved in the initial decision to turn into
the HRA. Instead, its role seems to be limited to the point where
rats are actually faced with a physical challenge and must decide
whether to continue or turn around.
There are at least three different hypothesized functions of
the ACC. In one view, the ACC encodes the amount of effort
necessary to achieve a particular goal. It thus provides a signal
that allows other systems to prepare for exerting the appropri-
ate amount of effort (Walton et al., 2006). Lacking ACC input,
it follows that animals cannot mobilize the necessary physical
resources and hence will tend to choose easier options, if available,
as has been amply demonstrated with rats on the ramp-climbing
task (e.g., Walton et al., 2003). Consistent with this view, patients
with damage to dorsal ACC show blunted affect when presented
with mental or physical challenges (Critchley et al., 2003). A
second view is that ACC encodes the net utility of a contem-
plated action, weighing both expected reward and effort cost
(Cohen et al., 2007). This view has received support from both
human fMRI as well as single-unit studies in primates and rats
(Croxson et al., 2009; Kennerley et al., 2009; Prevost et al., 2010;
Hillman and Bilkey, 2012). Both of these views suppose that
the ACC is needed in order to make correct decisions. However,
recent electrophysiological evidence has shown a lack of discrimi-
native ACC activity when rats are making choices, although effort
is clearly encoded in ACC just before it is exerted (Cowen et al.,
2012). Another study has shown that ACC activity is necessary for
maintenance of motor cortex activity related to a sustained motor
response (Narayanan and Laubach, 2006). This electrophysiolog-
ical evidence suggests the possibility that ACC is necessary for
maintaining a course of action, especially when faced with inter-
fering circumstances (Cowen et al., 2012). Our observation of rats
choice behavior on the ramp-climbing task provide support for
this view. Specifically, rats with ACC lesions were far more likely
than controls to abort a HRA choice at the point where they actu-
ally encountered the ramp. This suggests that the ACC is needed
when deciding to maintain a previously chosen course of action
in the face of adversity.
Our results also provide insight into the task parameters that
determine when effort-reward decision deficits will be manifest
by rats with ACC lesions in the ramp-climbing task. While pre-
vious experiments have used discrete trials (e.g., Walton et al.,
2002), we show that the same effect can be obtained when rats
run continuously on a maze shaped like the Figure 8. In so
doing, we were able to show that the effect is maintained across
dozens of trials. However, subsequent testing using the same
group of animals failed to show effects when the manner of
testing was changed. Specifically, when we attempted to gener-
ate effort-discounting curves by incrementally increasing ramp
height throughout a single session (Figure 4B), lesion animals
choose the high-effort/HRA slightly less overall but there was no
difference in the slope of the effort discounting curve between
groups. Looking more carefully at the data, it is apparent that
the slopes might have been different had sham animals performed
better on the zero ramp condition. On their last day on the equate
effort task, for example, the animals had near 100 percent HRA
choices. It is possible that interference from the immediately pre-
ceding task (weight-lifting incremental) may have differentially
interfered with the performance of sham rats. Another factor
affecting these results is that rats in this experiment had several
days of experience running the effort-reward task after surgery.
Hence, it is possible that they may have learned to compensate
for the lack of ACC input. This is consistent with previous evi-
dence that experience on the ramp task can increase the degree
to which a ACC-lesioned animal will choose the HRA (Walton
et al., 2002; Experiment 2). A similar explanation may account
for the lack of effect in our “challenge” test in which rats were
re-trained without barriers and then suddenly presented with
a very high barrier. However, in this case, it seems more likely
that the effort outweighed the reward to such an extent that
both lesion and control groups were equally inclined to avoid
the high-effort/high-reward choice. Previous studies have shown
that lesion animals can be enticed to climb a high barrier when
the ratio of high to low reward is increased from 4:2 to 5:1
(Walton et al., 2002). Combined with our results, this suggests
that ACC lesions affect decisions only in a narrow range where
the reward outweighs the effort by only a slight margin. Our
effort-discounting curve is consistent with this idea. Although not
statistically significant, the greatest differences between groups
were at midrange levels of effort and not at the extremes.
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Given the well-substantiated role of the ACC in effort-reward
decisions involving ramp climbing, the lack of effect when test-
ing with weighed levers was surprising because both tasks involve
exertion of physical effort. In Experiment 1, it seems quite likely
that there was a lack of effect simply because the effort involved
was too low. In other words, we encountered a ceiling effect.
However, in Experiment 2, the effort was increased to such a high
level that only 60% of our animals were able to reach training
criteria. Despite this high level of effort, we failed to find a statisti-
cally significant effect of ACC lesions on decision performance. As
previously noted, four of the six ACC lesioned animals who reach
pre-training criterion on this task showed performance no differ-
ent than controls while two animals showed a dramatic reduction
in HRA choices. This binary outcome is quite different than the
effects seen in the ramp climbing task, where most ACC lesioned
animals showed some reduction in HRA climbs (compare Figures
S1, S2). The fact that four lesioned animals performed the same
as controls argues that ACC is not necessary for the effort-reward
decision, itself, but may influence decisions in other ways, per-
haps by making it harder for rats to physically depress the lever.
Because the lever only triggered when fully depressed, lesioned
animals who could not generate sufficient force quickly learned
that pressing the high-reward lever was fruitless and correctly
shifted their choices to the LRA. Given the binary outcomes for
lesioned animals in Experiment 2, further testing would have
required prohibitively large numbers of rats to obtain sufficient
statistical power to definitely say one way or the other whether the
ACC is necessary for weighted lever pressing. Instead, a follow-up
study (Experiment 3) was run using an incremental increase in
lever weight within a single session. This test, which was the first
one run after surgery, avoids the potential confounds of task expe-
rience which may have clouded the results of incremental tests in
Experiments 1 and 2. Further, by eliminating pre-training with
weights, it increased the steepness of the effort discounting curves
and potentially increased our ability to see effects due to lesions.
Despite these conditions, we still failed to find any difference
between lesion and control animals. Taken together, the results
argue against a role for ACC in the decision phase of effort-reward
tasks involving pressing weighted levers.
The different outcomes from our ramp-climbing and weighted
lever experiments are puzzling. As noted above, both clearly
involve physical effort. However, the ramp-climbing task presents
a physically apparent impediment in the form of a looming ramp.
The lever task, on the other hand, provides no visual cues as to
the difficulty of a particular lever press. Instead, decisions must be
based on past experience with each lever. Hence, it is possible that
the ACC mediates effort-reward decisions in which effort is visu-
ally apparent but not in those that involve retrieving effort level
frommemory. However, the fact that lesioned rats initially choose
the HRA but then turn back only after physically encountering the
ramp argues against the idea that vision is a strong determinant
of rats’ choices in either task.
Another possibility is that ACC lesions cause impairments in
motor control sufficient to impair climbing but not lever pressing.
Both our own experiments and those of others demonstrate that
rats with ACC lesions will choose to climb a high ramp to achieve
high reward when the ramp height on both reward arms is equal.
This finding certainly rules out gross motor deficits. However, it
leaves open the possibility that ACC lesions cause subtle motor
impairments that make it harder for lesioned animals to climb
a wire mesh barrier and hence tip the balance toward the LRA.
The fact that ACC lesioned animals in the ramp task initially
entered the HRA but then turned back is consistent with the
view. It is possible that rats only realized their physical limita-
tions when actually touching the ramp and preparing to climb.
Over several trials, they learned the high cost associated with
climbing and eventually made decisions to avoid the HRA. This
account could also explain why two of our ACC lesioned rats
in the heavy-weight lever task seemed to have difficulty depress-
ing the lever to its fully depressed position. In support of this
hypothesis, the ACC has strong connections with adjacent motor
control areas, notably primarymotor cortex and secondarymotor
cortex (Heidbreder and Groenewegen, 2003; nomenclature from
Paxinos and Watson, 2007). The ACC also has direct spinal cord
projections (Gabbott et al., 2005). Further, damage that encom-
passes this region has been shown to cause deficits, albeit subtle
ones, in the pellet reaching task (Whishaw et al., 1992).
Along similar lines, Hosokawa et al. (2013) have recently sug-
gested that the ACC region lesioned in rodent barrier-climbing
studies might be homologous to primate cingulate motor areas
which are strongly modulated by the ongoing level of physical
exertion. Hence, the observed behavioral deficits might be due to
an inability to prepare for the necessary exertion of physical effort.
This idea is certainly consistent with our observations, although
further experiments, possibly involving high-speed video analysis
or more sensitive measures of motor force, will be necessary to
draw more definitive conclusions.
As mentioned previously, one fMRI study in humans has
shown sub-genual ACC activity is correlated with courageous
decisions (Nili et al., 2010). Our data suggest that, if such a
region exists in rats, it is not located in the ACC. Or perhaps,
as suggested by recent single-cell data, the ACC encodes both
approach to reward and avoidance of aversive stimuli equally
so that lesioning does not bias behavior in either direction
(Amemori and Graybiel, 2012). In both of our courage experi-
ments, rats with ACC lesions were no more likely to avoid the
high-fear/HRA than controls. The results of our first courage
experiment (Experiment 1) might be questioned based on the rel-
atively low levels of fear involved (as evinced by the high number
of entries into the exposed arm). However, in our second courage
experiment (Experiment 2), both groups of animals were clearly
inhibited from entering the high-fear/HRA and yet no group dif-
ferences were observed. One caveat with these findings is that rats
were trained and tested on the task post-surgery, whereas in the
ramp and weight-lifting tasks, rats were pre-trained on the task
before surgery and tested immediately after recovery. However,
rats were never exposed to the open arm during pre-training,
making specific post-lesion adjustment to the task an unlikely
explanation for our lack of effect.
Given that lesions to medial prefrontal cortex just ventral to
ACC are anxiolytic (Lacroix et al., 2000; Deacon et al., 2003; Shah
and Treit, 2003), another possibility was that animals with ACC
lesions could have been more likely to enter the high-fear/HRA.
We found no evidence to support this view. We also failed to find
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evidence of reduced anxiety in the open field test, consistent with
previous findings using other tests of intrinsic fear (Rudebeck
et al., 2007). Interestingly, however, while normal animals grad-
ually overcame their fear within the first session and entered the
HRA more, animals with ACC lesions failed to show any such
change. It is possible that this reflects better cost-benefit deci-
sion making in rats with an intact ACC in the same way that
the ramp results suggest control animals are better able to reason
about effort and reward. However, the pattern of results across
time is completely different. In the ramp-climbing results, both
our own and those in the original Walton studies (Walton et al.,
2002, 2003), rats with ACC lesions show an immediate reduc-
tion in HRA choices. In the courage task results, on the other
hand, there is no initial difference between groups. In sum, the
ramp task shows that ACC rats have an immediate impairment in
decision making while the courage task shows an impairment in
learning.
In conclusion, our results provide support for the idea that
different regions of frontal cortex mediate different forms of
cost-benefit decision making, as has previously been suggested
(Rudebeck et al., 2006; Walton et al., 2006; Floresco et al., 2008;
Prevost et al., 2010). The ACC clearly plays a role in effort-reward
decisions involving ramp climbing (e.g., Walton et al., 2003)
and possibly pressing levers multiple times [but see Schweimer
and Hauber (2005), Walton et al. (2009)]. Our results, how-
ever, suggest that the problem may be in following through on
the effortful climb once chosen and not in the actual effort-
reward decision. Our results also show that when effort involves
pressing weighted levers, the ACC plays, at most, only a limited
role. Similarly, the choice to wait for a large reward clearly does
not require the ACC, depending instead upon nucleus accum-
bens and orbitofrontal cortex (Cardinal et al., 2001; Rudebeck
et al., 2006). Finally, based on our results, we can now con-
clude that, at least in rats, ACC is not required in cost-benefit
decisions involving fear. Exactly which part of the rodent brain
enables pursuit of goals in the face of fear remains an open
question.
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